Penile erections are a characteristic phenomenon of paradoxical sleep (PS), or rapid eye movement sleep. Although the neural mechanisms of PS-related erections are unknown, the forebrain likely plays a critical role (Schmidt et al., 1999) . The preoptic area is implicated in both sleep generation and copulatory mechanisms, suggesting it may be a primary candidate in PS erectile control. Continuous recordings of penile erections, body temperature, and sleep-wake states were performed before and up to 3 weeks after ibotenic acid lesions of the preoptic forebrain in three groups of rats. Neurotoxic lesions involving the medial preoptic area (MPOA) and anterior hypothalamus (n ϭ 5) had no significant effects on either erectile activity or sleep-wake architecture. In contrast, bilateral lesions of the lateral preoptic region, with (n ϭ 4) or without (n ϭ 5) MPOA involvement, resulted in a significant decrease in the number of erections per hour of PS, number of PS-related erections, and PS phases exhibiting an erection. Lesion analysis revealed that the candidate structures for PS erectile control include both the lateral preoptic area (LPOA) and ventral division of the bed nucleus of the stria terminalis; however, lesions of the LPOA were the most effective in disrupting PS erectile activity. LPOA lesioning also resulted in a long-lasting insomnia, characterized by the significant increase in wakefulness and decrease in slow wave sleep (SWS). PS architecture and waking-state erections remained unchanged after lesion in all groups. These data identify an essential role of the LPOA in both PS-related erectile mechanisms and SWS generation. Moreover, higher erectile mechanisms appear to be context-specific because LPOA lesioning selectively disrupted PS-related erections while leaving waking-state erections intact.
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Paradoxical sleep (PS), also known as rapid eye movement sleep, is characterized by several tonic and phasic phenomena, including cortical desynchronization, rapid eye movements, general muscle atonia, and penile erections. Whereas the neural control of PSrelated erections remains unknown, the executive mechanisms generating PS and its other tonic and phasic events are relatively well elucidated and localized within the mesopontine tegmentum and rostral medulla (Sakai 1985; Jones 1991) .
Using a new technique of chronic penile erection recording in the rat (Schmidt et al., 1995) , we recently demonstrated that mesencephalic transections disrupt PS erectile activity even though PS remains otherwise qualitatively intact (Schmidt et al., 1999) . These data suggest that forebrain structures rostral to the transection are necessary for the production of PS-related erections. The source of this forebrain control currently is a matter of speculation.
Numerous forebrain structures have been implicated in reproductive mechanisms and, therefore, are potential candidates in sleep-related erectile control. Lesion, stimulation, and unit recording studies have elucidated an erectile role of the paraventricular nucleus (Melis et al., 1994) , medial preoptic area (MPOA) (Giuliano et al., 1996) , bed nucleus of the stria terminalis (BNST) (Valcourt and Sachs 1979) , hippocampus (Chen et al., 1992) , amygdala (Kondo 1992) , and olfactory bulbs (Fernandez-Fewell and Meredith, 1995) . Recent data suggest that some of these structures may be responsible for context-specific erectile control (Sachs, 1995) .
We hypothesize that the preoptic area may be a primary forebrain candidate in sleep-related erectile control given its role in both reproductive physiology and slow wave sleep (SWS) generation. The MPOA, for example, has long been implicated in copulatory mechanisms because its lesioning eliminates copulatory behavior in every species examined (Sachs and Meisel, 1988) . Moreover, low androgen states disrupt PS-related erections in humans (Carani et al., 1992) , and the MPOA contains androgensensitive neurons important for reproductive physiology (Cherry et al., 1992) . With regard to sleep and wakefulness, both the MPOA and lateral preoptic area (LPOA) are described as "sleep centers" because their lesioning results in a long-lasting insomnia (Lucas and Sterman, 1975; Szymusiak, and McGinty 1986; Sallanon et al., 1989) . Stimulation, neuroanatomical, and single-unit recording studies suggest an important role of the preoptic area in the generation of SWS and inhibition of waking mechanisms (Siegel and Wang, 1974; Ogawa and Kawamura, 1988; Sherin et al., 1998) . Although the importance of the MPOA in copulatory behavior is well established, the relative contribution of the MPOA and LPOA in sleep generation remains controversial. In the following experiments, cytotoxic lesions of the preoptic basal forebrain were performed using ibotenic acid in an attempt to localize forebrain structures involved in PS-related erections. Moreover, neurotoxic lesions primarily were limited to either the MPOA, LPOA, or both in three groups of rats to differentiate the relative contributions of these two structures in sleep-related erectile control and sleep generation. Continuous polygraphic recordings of penile erections, sleep-wake states, and body temperature were performed before and up to 3 weeks after neurotoxic lesions.
Preliminary results were presented in abstract form (Schmidt et al., 1996) .
MATERIALS AND METHODS
Eighteen male Sprague Dawley rats (I FFA Credo, Arbresle, France) weighing 345-445 gm body weight were used for these experiments. The rats were maintained on a 12 hr light /dark cycle at an ambient temperature of 25.0 Ϯ 0.5°C with food and water available ad libitum throughout the experiment.
Implantation. All rats were implanted for chronic penile erection monitoring and standard sleep recording under pentobarbital anesthesia (60 mg / kg). Penile erections were recorded according to a technique previously described (Schmidt et al., 1994 (Schmidt et al., , 1995 , involving chronic pressure monitoring within the bulb of the corpus spongiosum penis (C SP) and electromyography (EMG) of the bulbospongiosus (BS) muscles. Standard sleep recordings were performed in unanesthetized, freely behaving animals using dorsal neck EMG and cortical electroencephalography (EEG). A subcutaneous thermister was implanted in 12 rats for a continuous recording of body temperature. All electrical signals recorded from the rats were passed through an electronic swivel system (Air Precision) to allow free movement of the animals after implantation.
During the initial implantation, a 23 gauge stainless steel guide cannula was stereotaxically implanted bilaterally 3 mm above the target site within the preoptic area. A 26 gauge stainless steel stylet was placed inside the guide cannulae, protruding 1 mm beyond the guide cannula tip, to act as a protective plug. The coordinates of the guide cannulae were posterior (P) 0.4 -1.0 mm with respect to bregma, lateral (L) 0.5-1.3 mm with respect to the midline, and ventral (V) 4.0 -5.2 mm with respect to the surface of the brain.
Cytotoxic lesions. After a 1 week postimplantation recovery period and two 24 hr control recordings, the rats were anesthetized with ketamine (80 mg / kg). The protective stylets were removed from the guide cannulae, and 0.2-0.3 l of ibotenic acid (45 g/l) was injected bilaterally using a 26 gauge stainless steel or silicium (outer diameter, 150 m; inner diameter, 75 m) inf usion cannula that protruded 3 mm beyond the guide cannula tip. Microinjections through the inf usion cannula were performed at a rate of 0.02 l /min using a 5.0 l Hamilton syringe connected to a microdrive pump. The inf usion cannula was removed 10 min after the end of the injection, and the protective stylet was reinserted into the guide cannula. The animals were placed back into their home cages for postlesion recordings.
Data acquisition. Continuous polygraphic recordings were made before and after cytotoxic lesions with an ECEM polygraph. Continuous temperature recordings were performed on a personal computer (PC) at an acquisition rate of one data point every 30 sec. Each rat served as its own control with over 3 weeks of postlesion recordings. Wakef ulness, SWS, and PS were scored from 30 sec epochs using classical scoring criteria (Michel et al., 1961) . Erectile events were scored in relation to C SP pressure changes. Briefly, an erectile event was defined as a minimum increase of 30 mmHg in C SP pressure with at least one pressure peak resulting from a BS muscle burst Ͼ100 mmHg above the "flaccid baseline" level. The end of the erectile event was defined as the moment when the C SP pressure fell below the 30 mmHg threshold for Ͼ15 sec. For each 24 hr recording period, the following variables were then calculated: (1) the total number of erections during each behavioral state, (2) the number of erections per hour of each behavioral state, and (3) the percentage of PS phases associated with at least one erectile event.
Histolog y. The rats were killed under deep pentobarbital anesthesia by transcardial perf usion of 250 ml of Ringer's lactate solution (0.1% heparin) followed by a 500 ml of ice-cold solution of 4% paraformaldehyde and 0.2% picric acid in a 0.1 M phosphate buffer. After a 24 hr post-fixation in a solution of the same composition, the brains were transferred to a 0.1 M PBS solution containing 30% sucrose. The brains were later sliced in a cryostat into 25 m coronal sections. Free-floating sections were mounted on gelatin-coated slides.
Although demyelination has been described in proximity to the cannula injection site at the point of maximal gliosis in certain brain regions (Coffey et al., 1988) , the hallmark of ibotenic acid cytotoxicity has long been considered its selective neuronal degeneration while leaving axons of passage intact (Schwarcz et al., 1979; Metzner and Juranek, 1997) . Given its reliability in staining neuronal cell bodies, sections were stained with cresyl violet and analyzed by light microscopy to evaluate the extent of neuronal degeneration, the defining characteristic demarcating the neurotoxic lesion. Coronal sections were manually redrawn directly from mounted sections using the Biocom computer system and video-assisted microscopy.
Data anal ysis. T wo 24 hr control recordings, the fourth postlesion day, and two postlesion recordings from days 9 to 12 were used for data analysis. Paired t tests and one-way ANOVAs of the means were used for statistical analyses. A post hoc T ukey's test was used for the ANOVA calculations on significant ( p Ͻ 0.05) F values. All statistical analyses were performed with Statgraphics (Manugistics) software on a PC.
RESULTS

Neurotoxic lesions
Neurotoxic lesions were performed in a series of three groups involving a total of 18 rats. The groups differed only with respect to the location of the preoptic lesions. The medial preoptic, or MP, group (n ϭ 5) exhibited similar bilateral lesions involving the MPOA while leaving the LPOA largely intact (Fig. 1) . Lesions involved the anterior hypothalamic area (AH) (n ϭ 5) and extended rostrally to the level of the anterior commissure (n ϭ 3). In a second group of rats, larger cytotoxic lesions were undertaken to include both the MPOA and LPOA. This MP-LP group (n ϭ 4) was noted by cytotoxic lesions of the MPOA with a distinct dorsolateral extension into the LPOA and ventral division of the BNST (Fig. 1) . The ventrolateral preoptic nucleus (VLPO) was unilaterally lesioned in one rat from this group (Fig. 1, M12) . Finally, the lateral preoptic, or LP, group (n ϭ 5) involved lesions of the LPOA and ventral division of the BNST while leaving the MPOA intact (Fig. 1) . Lesions in this group extended from the level of the AH through the ventral pallidum. The VLPO was unilaterally lesioned in only one rat (Fig. 1, U12 ), but otherwise was largely intact in all other cases.
Four of the 18 rats were not included in statistical analyses of sleep-wake or erection data. Two rats were found to have had only unilateral lesions, and an additional two rats were noted to have unique lesions likely secondary to errors in stereotaxic placement and could not be placed into one of the three groups. Although all rats were used for a final anatomical analysis and discussion, statistical analyses on sleep-wake and erection data were performed on the MP, MP-LP, and LP groups.
Cytotoxic lesions were characterized by the absence of neuronal cell bodies, replaced by a distinct glial formation without necrosis of neural tissue (Fig. 2) . The suprachiasmatic nucleus (SCN), supraoptic nucleus (SO), and in more caudal lesions, the parvocellular and magnocellular divisions of the paraventricular nucleus (PVN) remained intact in all cases even though they were occasionally surrounded by cytotoxically lesioned neural tissue. Finally, the horizontal and vertical limbs of the diagonal bands (HDB) and magnocellular preoptic nuclei (MCPO) remained intact in all rats.
Sleep-wake data
Neurotoxic lesions in the MP group had no significant effects on sleep or wakefulness for any variable examined except for a significant short-term reduction in the total duration of SWS (F (2,10) ϭ4.05, p Ͻ 0.05) on day 4 after lesion ( Fig. 3 , Table 1 ). This initial reduction in SWS was not associated with a significant change in the duration of PS or wakefulness on day 4. In addition, SWS duration recovered by day 10 after lesion.
Unlike the MP group, both the MP-LP (Table 2 ) and LP (Table  3) groups exhibited a marked insomnia involving a significant reduction in SWS (MP-LP: F (2,8) ϭ10.98, p Ͻ 0.01; LP: F (2,11) ϭ 42.56, p Ͻ 0.001) and a significant increase in total wakefulness (MP-LP: F (2,8) ϭ 9.45, p Ͻ 0.01; LP: F (2,11) ϭ 53.5, p Ͻ 0.001) on both day 4 and circa day 10 after lesion ( Fig. 3) . This insomnia remained relatively unchanged from the circa day 10 level even after recording periods up to 3 weeks after lesion in rats from both groups.
Although the MP-LP and LP groups exhibited a long-term insomnia, only minor effects on PS were observed after preoptic lesions in these groups. For example, the total PS duration tended to decrease on day 4 after lesion in both groups (Fig. 3) ; however, this reduction did not reach statistical significance and it normalized by circa day 10 after lesion. In addition, the average, uninterrupted, PS episode duration decreased on only day 4 after lesion in the MP-LP group (F (2,8) ϭ 4.54; p Ͻ 0.05), but also returned to normal by circa day 10 ( Table 2 ). The average PS episode duration in the LP group, on the other hand, did not change significantly on either post-lesion days (Table 3) , and the total number of PS episodes remained unchanged after lesion in all groups (Tables 2, 3) .
Erectile activity
Penile erections were associated with an increase in CSP pressure from a flaccid baseline of ϳ15-20 mmHg to a tumescent pressure of ϳ60 -70 mmHg (Fig. 4) . As shown in Figure 4 , erectile events during wakefulness and PS involved not only an increase in baseline erectile tissue pressure, but also dramatic, suprasystolic, CSP pressure peaks concurrent with BS muscle bursts. Erections during PS were associated with behavioral and physiological PS. The animals were curled in a sleeping posture with intermittent twitching of the whiskers and distal extremities, a muscle atonia was observed in the neck EMG, and the EEG demonstrated a lowvoltage desynchronized pattern (Fig. 4) . Erectile activity across sleep-wake states before cytotoxic lesions demonstrated a consistent relationship between the behavioral state of the animal and the probability of observing an erectile event. For example, rats from all three groups exhibited a mean of ϳ10 erections per hour of PS, four erections per hour of wakefulness, and a virtual absence of erections during SWS before lesioning (Fig. 5) .
Sleep-related erectile activity remained unchanged after cytotoxic lesions in the MP group. We found no significant effects on either the number of erections per hour (Fig. 5) , the total number of erections, or the percentage of PS phases exhibiting an erectile event (Table 1) . Although PS erectile activity had a slight tendency to decrease after lesion in the MP group (Fig. 5) , this decrease did not reach statistical significance.
PS-related erections in the MP-LP and LP groups, on the other hand, were severely disrupted by cytotoxic lesions (Fig. 4) . As shown in Figure 5 , the number of erections per hour of PS was significantly reduced after lesion in both groups (MP-LP: F (2,8) ϭ 40.93, p Ͻ 0.001; LP: F (2,11) ϭ 25.48, p Ͻ 0.001). This disruption in PS erectile activity was characterized by a total elimination of PS-related erections on day 4 in the MP-LP group and a decrease to ϳ2 erections per hour of PS on circa day 10 in both groups ( Unlike the disruptions to PS-related erections, waking-state erections were either unaffected or only moderately affected by preoptic lesions in all groups. For example, we found no effects on wakingstate erectile activity from cytotoxic lesions in either the MP or MP-LP groups, even though the latter group was characterized by a severe disruption in PS-related erections. The total number of erections during wakefulness (Tables 1, 2) , as well as the number of erections per hr of wakefulness (Fig. 5) , remained unchanged after lesion in both groups. Although the number of erections per hour of wakefulness decreased significantly in the LP group after lesion (Fig. 5) (F (2,10) ϭ 30.56, p Ͻ 0.001), this per hour reduction in waking-state erectile activity by circa day 10 appeared to be related primarily to the increase in wakefulness associated with the insomnia because the total number of erections during wakefulness at this time remained statistically unchanged in this group (Table 3) . Finally, penile erections during wakefulness in all rats after lesion were qualitatively similar to prelesion controls (Fig. 4) .
Body temperature
Twelve rats were implanted with a subcutaneous thermister for continuous body temperature recordings. All cytotoxic lesions of the preoptic area typically were associated with a short-term hypothermia in which the body temperature fell ϳ2.0 -3.0°C for the first 4 -6 hr after the lesion. This hypothermia was followed by a long-lasting hyperthermia that was most apparent in the MP-LP group in which the body temperature increased an average of 1.6°C above control values for the first 3 d and only 1.0°C for the next 3 d after lesion. Moreover, all preoptic lesions were associated with increased circadian variations in body temperature. Body temperatures, however, generally returned to control values by day 10 after lesion in all rats. Figure 1 . Cytotoxic lesions were performed in a series of three groups of rats that differed only with respect to the location of the lesions. This figure demonstrates a typical bilateral lesion (shaded area) of two rats from each of the three groups, i.e., the MP, MP-LP, and LP groups (see Results). 3V, Third ventricle; ac, anterior commissure; aca, anterior commissure, anterior part; acp, anterior commissure, posterior, posterior part; AH, anterior hypothalamic area; BNST, bed nucleus of the stria terminalis; CPu, caudate putamen; f, fornix; GP, globus pallidus; HDB, nucleus of the horizontal limb of the diagonal band; ic, internal capsule; LPOA, lateral preoptic area; LV, lateral ventricle; MCPO, magnocellular preoptic nucleus; MPOA, medial preoptic area; MS, medial septal nucleus; ox, optic chiasm; P, hypothalamic paraventricular nucleus; Pir, piriform cortex; PVA, paraventricular thalamic nucleus; Rt, reticular thalamic nucleus; SCN, suprachiasmatic nucleus; SI, substantia innominata; sm, stria medullaris of the thalamus; SO, supraoptic nucleus; Tu, olfactory tubercle; VP, ventral pallidum.
Localization of an "effective zone" in PS erectile control
Histological sections of all rats were analyzed individually as described and then reconstructed on common coronal planes corresponding to the atlas of Paxinos and Watson (1986) . The lesioned areas that were bilaterally common for each rat were determined. As noted earlier, two rats were excluded from statistical analyses because of their unique bilateral lesions. One of these rats exhibited bilateral lesions restricted to rostral levels of the MPOA, as well as rostral ventromedial portions of the LPOA, near the level of the anterior commissure without affecting the caudal MPOA or the rostral AH. The second rat had bilateral lesions involving the Figure 3 . The total daily quantity of each behavioral state expressed as percentage of the control mean before (control ) and after cytotoxic lesions on day 4 and circa day 10 in the MP, MP-LP, and LP groups. Asterisks indicate significant difference with respect to the corresponding prelesioned control using a one-way ANOVA and a post hoc Tukey test; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. dorsomedial anterior hypothalamus and BNST rostrally, as well as ventromedial portions of the thalamus caudally. Both the MPOA and LPOA remained intact in this rat with the dorsal lesion. Because cytotoxic lesions in these two rats had no apparent effects on erectile activity, they were placed with the five rats from the MP group for this anatomical analysis. The anatomical results from these seven rats were combined, demarcating a zone encompassing the entire MPOA and medial anterior hypothalamus in which bilateral lesions had little or no effect on waking-state or PS erectile activity (Fig. 6, stippled area) . A second zone was also determined which, when lesioned, resulted in a dramatic reduction in PSrelated erections. This "effective zone" included bilateral lesions that were common to all nine rats of the MP-LP and LP groups, but located outside of the noneffective zone. This "effective zone"
was localized to the dorsomedial LPOA and the ventral division of the BNST near the anterior commissure (Fig. 6, blackened area) .
DISCUSSION
Lesions of either the lateral preoptic region or MPOA have dramatically different effects on PS-related erections and SWS generation. Bilateral neurotoxic lesions of the lateral preoptic region resulted in a severe disruption in PS erectile activity while leaving PS architecture otherwise intact. These lateral lesions also produced a long-lasting insomnia involving a significant decrease in SWS and an increase in wakefulness. Similar lesions restricted to the MPOA, on the other hand, had little effect on either penile erections or sleep-wake architecture. Finally, the disruptive effects of lateral preoptic lesioning on erectile activity were specific to PS, leaving waking-state erections intact. These results identify an essential role of the lateral preoptic region in PS erectile neurophysiology and suggest a close anatomical association within this region of both PS-related erectile control and SWS-generating mechanisms.
The preoptic area and erectile mechanisms
Our data demonstrate that lesions of the lateral preoptic region, as in the MP-LP and LP groups, caused a significant decrease in the number of erections per hour of PS, total number of erections during PS, and percentage of PS phases exhibiting an erectile event with respect to prelesion controls. This disruption of PS-erectile activity could not be attributed to a disruption of PS architecture because the total daily quantity of PS and the average PS episode duration were minimally affected after lesion. We hypothesize that the LPOA and ventral division of the BNST are the primary candidates in PS-erectile control because these structures encompassed the only lesioned areas bilaterally common to all rats in which PS-related erections were disrupted (Fig. 6) . Although the relative contributions of these two structures remain to be clarified, rats with bilateral lesions encompassing both the ventral division of the BNST and LPOA were the most effective in disrupting PS-related erections, causing a complete elimination of such erections for the entire postlesion recording period. Similar lesions primarily involving the BNST while leaving the LPOA largely intact were less effective, resulting in an ϳ60% reduction in PS-erectile activity.
Neuroanatomical (Moga et al., 1989; Westerhaus and Loewy, 1999) , single-unit recording (Wilkinson and Pittman, 1995) and stimulation experiments (Inui et al., 1995) suggest that a subset of neurons within the LPOA and BNST may play an important role in hemodynamic regulation, at least in part through their connections with the hypothalamic PVN and vasomotor brainstem centers. The relationship between erectile mechanisms and vasomotor control within this lateral preoptic region remains to be explored. However, it is unlikely that our experimental observations are the result of a general perturbation in autonomic control because the disruptive effects of lateral preoptic lesioning on erectile activity were specific to PS while leaving waking-state erections intact. This is the first study to our knowledge that implicates the LPOA in erectile mechanisms. Further investigation is required to elucidate its role in PS erectile control. Recent single-unit recording experiments demonstrate the presence of neurons within the LPOA which exhibit a specific unit firing activity during PS (Koyama and Hayaishi, 1994) . It remains to be determined if these units may be specific to PS-related erections, i.e., "erection-on" neurons.
The BNST is a large structure with numerous subdivisions and it remains to be determined if the ventral division, which is implicated in PS erectile control in this study, is cytoarchitecturally related to that previously reported in reproductive mechanisms. Previous data suggest that the BNST may play a role in copulatory behavior (Emery and Sachs 1976; Valcourt and Sachs 1979) , at least in part through the processing of olfactory cues. BNST lesions, for example, disrupt noncontact erections when in the vicinity of an estrous female, but leave copulatory erections relatively Values are given as the means Ϯ SEM. The data represent values from day 4 after lesion, as well as the mean values from two control recordings and two recordings obtained from the 9th to 12th day after lesion. *Indicates a significant difference with respect to the corresponding prelesioned control using a one-way ANOVA and a post hoc Tukey test; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. Values are given as the means Ϯ SEM. The data represent values from day 4 after lesion, as well as the mean values from two control recordings and two recordings obtained from the 9th to 12th day after lesion. *Indicates a significant difference with respect to the corresponding prelesioned control using a one-way ANOVA and a post hoc Tukey test; *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001.
intact once copulation is initiated (Liu et al., 1997) . The BNST may transmit olfactory input related to copulatory behavior through its major reciprocal connections with the medial amygdala and MPOA (Liu et al., 1997) . Unlike the LPOA, for which little data are available concerning its role in reproductive mechanisms, the MPOA has long been implicated in reproductive physiology (Sachs and Meisel, 1988; Giuliano et al., 1995) . Bilateral electrolytic (Ginton and Merari, 1977; Kondo and Arai, 1995) or neurotoxic (Hansen et al., 1982) lesions of the MPOA eliminate copulatory behavior, whereas stimulation of this area augments sexual activity (Merari and Ginton, 1975) , generates penile erections (Giuliano et al., 1996) , and removes a descending inhibition of penile reflexes (Marson and McKenna, 1994) . Moreover, the unit activity of certain neurons in this structure increases in association with specific copulatory events (Shimura et al., 1994) . Finally, c-fos expression in the MPOA increases after copulation in both male (Baum and Everett, 1992) and female (Erskine, 1993) rats. The MPOA is hypothesized to integrate and transmit copulation-related information arising from other forebrain structures, including the olfactory bulb, amygdala, and BNST (Sachs and Meisel, 1988) , any of which when lesioned in isolation disrupt aspects of copulatory behavior.
Although the MPOA is essential for copulatory behavior, our data do not support a role of this structure in noncopulatory erectile control. We found that bilateral lesions encompassing the MPOA and anterior hypothalamus, such as in the MP group, had little or no effect on either waking-state or PS-related erectile activity. These findings are consistent with recent data demonstrating that males with MPOA lesions continue to exhibit noncontact erections when in the vicinity of receptive females even though copulatory behavior is severely compromised (Liu et al., 1997) .
We found PS-related erections to be disrupted by lateral preoptic lesions even though waking-state erections remained relatively intact. This finding supports the hypothesis that erectile mechanisms of may be context-specific (Sachs, 1995; Liu et al., 1997) . For example, penile erections can be reflexively elicited by tactile stimulation of the external genitalia without descending input from higher brain structures (Sachs and Meisel, 1988) . With respect to supraspinal erectile control, stimulation of the hippocampus has been demonstrated to induce erectile events in rats (Chen et al., 1992) , and one may speculate that the hippocampus and cortex may play a role in psychogenic erections generated from memory or fantasy. The olfactory bulbs, amygdala, and BNST, on the other hand, are preferentially involved in erections induced by olfactory cues (Sachs, 1995; Liu et al., 1997) . Our data further support the hypothesis that context-specific erections, such as those generated during sleep, may involve specialized higher central mechanisms.
The preoptic area and sleep generation
The preoptic basal forebrain has long been considered a "sleep center" because of its role in sleep generation. Electrolytic or neurotoxic lesions of the preoptic area produce a long-lasting insomnia (McGinty and Sterman, 1968; Sallanon et al., 1989; Asala et al., 1990) . In contrast, stimulation of this basal forebrain area produces cortical slow waves (Sterman and Clemente, 1962a; Siegel and Wang, 1974) and, in freely moving cats, induces SWS (Sterman and Clemente, 1962b) . The preoptic area has been shown to contain neurons that are specifically active during SWS (SWS-on neurons) but are inactive during both wakefulness and PS (Ogawa and Kawamura, 1988; Szymusiak and McGinty, 1989) .
Although the preoptic area is thought to play an active role in sleep generation, the relative contributions of the medial and lateral preoptic areas in this regard remain controversial. The second objective of these experiments, therefore, was to differentiate the relative contributions of these two regions in sleep-wake mechanisms.
Our data demonstrate that cytotoxic lesions encompassing the MPOA had no significant effects on sleep-wake architecture other than a transient short-term reduction in SWS duration without a corresponding increase in wakefulness. In contrast, bilateral lesions of the LPOA, leaving the MPOA intact, resulted in a long-lasting insomnia characterized by a significant decrease in SWS and an increase in wakefulness on both day 4 and circa day 10 post-lesion Figure 4 . A typical polygraphic recording of wakefulness, SWS, and PS before (control ) and circa day 10 after a bilateral cytotoxic lesion in a rat from the LP group. Control, Erectile events during wakefulness and PS were associated with an increase in baseline erectile tissue pressure and suprasystolic CSP pressure peaks concurrent with BS muscle bursts. SWS was noted by a general absence of penile erections. Post-Lesion, Wakingstate erections remained qualitatively and quantitatively intact after neurotoxic lesions, whereas PS-related erections were severely disrupted after lesion in this rat from the LP group. (Fig. 3) . These data clearly identify the LPOA, unlike the MPOA, as the preoptic region most important for sleep generation.
Recent data have implicated a specific cell group within the VLPO in SWS-generating mechanisms (Sherin et al., 1996) . The immediate early gene c-fos is expressed by this cell group after long bouts of sleep, suggesting an active role in sleep generation (Sherin et al., 1996) . Unit recording studies demonstrate an increase in the number of neurons exhibiting a specific unit firing activity during SWS as the recording electrode approaches the VLPO (Szymusiak et al., 1998) . Finally, neuroanatomic data demonstrate a strong GABAergic projection from the VLPO to structures involved in maintaining wakefulness such as the histaminergic tuberomammillary nucleus (Sherin et al., 1998) , the noradrenergic locus coeruleus , and the cholinergic magnocellular preoptic nucleus . A recent in vitro study has further demonstrated that two-thirds of the VLPO neurons are GABAergic with characteristic electrophysiological properties and are uniformly inhibited by the major neurotransmitters involved in maintaining wakefulness, i.e., noradrenaline, serotonin, and acetylcholine (Gallopin et al., 2000) . These data suggest that the VLPO may play a role in sleep generation through reciprocal inhibitory interactions with structures involved in wakefulness.
Although the VLPO may play a role in sleep generation, all rats in this study exhibited a long-lasting insomnia after LPOA lesions even though the VLPO remained intact in all but two cases. Moreover, we could find no correlation with respect to the ventral extent of the lesions and the degree of insomnia. Indeed, in the LP group, the rat with the most dorsal bilateral LPOA lesion exhibited more wakefulness after lesion than the rat in which the VLPO was lesioned. Our data suggest that neurons in the dorsal LPOA also play an important role in SWS generation.
Summary
These experiments suggest that the lateral preoptic region plays an essential role in both PS-related erections and SWS generation. The preoptic area encompasses a large group of heterogeneous neurons implicated in numerous physiological functions. Although these data suggest a close anatomic association within the lateral preoptic region of SWS mechanisms and PS erectile control, it remains to be determined if these neuronal populations are functionally related in this cytoarchitecturally diverse region.
The neural mechanisms of PS-related erections appear to be context-specific because the disruptive effects of lateral preoptic lesions on erectile activity were specific to PS while leaving wakingstate erections intact. The executive mechanisms of PS, as well as the subsystems that generate its tonic and phasic events, are located within the brainstem in the mesopontine tegmentum and rostral medulla (Jones, 1991) . Although PS persists after mesencephalic transections or even after the complete removal of all neural elements rostral to the pons (Jouvet, 1967) , PS-related erections are disrupted after lateral preoptic lesions. Further research is required to elucidate how the lateral preoptic region acts as a link between brainstem PS executive structures and descending spinal erectile control. Figure 5 . The number of erections per hour of each behavioral state before (control ) and after cytotoxic lesions on day 4 and circa day 10 in the MP, MP-LP, and LP groups. Asterisks indicate significant difference with respect to the corresponding prelesioned control using a one-way ANOVA and a post hoc Tukey test; **p Ͻ 0.01, ***p Ͻ 0.001. Figure 6 . Summary of the effects of bilateral neurotoxic lesions on PSrelated penile erections. Blackened areas indicate an "effective zone" in which bilateral lesions dramatically reduced PS-related erections (common and symmetrical lesions obtained from nine rats in the MP-LP and LP groups), whereas bilateral lesions of the stippled areas had no effects on erectile activity. Abbreviations as in Figure 1 .
